Abstract -Foliar uptake of water from the surface of leaves is common when rainfall is scarce and non-meteoric water such as dew or fog is more abundant. However, many species in more mesic environments have hydrophobic leaves that do not allow the plant to uptake water. Unlike foliar uptake, all species can benefit from dew-or fog-induced transpiration suppression, but despite its ubiquity, transpiration suppression has so far never been quantified. Here, we investigate the effect of dew-induced transpiration suppression on the water balance and the isotope composition of leaves via a series of experiments. Characteristically hydrophobic leaves of a tropical plant, Colocasia esculenta, are misted with isotopically enriched water to reproduce dew deposition. This species does not uptake water from the surface of its leaves. We measure leaf water isotopes and water potential and find that misted leaves exhibit a higher water potential (p < 0.05) and a more depleted water isotope composition than dry leaves (p < 0.001), suggesting a ∼30% decrease in transpiration rate (p < 0.001) compared to control leaves. We propose three possible mechanisms governing the interaction of water droplets with leaf energy balance: increase in albedo from the presence of dew droplets, decrease in leaf temperature from the evaporation of dew, and local decrease in vapor pressure deficit.
will decrease leaf temperature. Both processes will lead to a decrease in leaf transpiration (Tolk et al., 1995) .
27
Transpiration suppression is often mentioned as an existing response mechanism of vegetation to NMW 28 deposition (Berkelhammer et al., 2013; McLaughlin et al., 2017) but its effect have so far not been quantified.
29
On the one hand, transpiration suppression from NMW deposition will impact the expected leaf water isotope 30 composition. In particular, decreasing leaf transpiration caused by a decrease in incoming energy to the leaf 31 should lead to leaf water depletion in heavy isotopes (Farquhar & Cernusak, 2005; Cernusak & Kahmen, 32 2013). On the other hand, NMW is usually enriched in heavy isotopes compared to rain water (Scholl et al., 33 2010), which leads to a clearly enriched signal in leaves that use foliar uptake. The impact of transpiration 34 suppression on the isotope composition is therefore likely to be opposite to that of foliar uptake, but foliar 35 uptake studies have so far not taken transpiration suppression into account, even though it likely results in an 36 underestimation of the amount of water taken up by the leaf or transpired.
38
The objective of our study is to quantify the impacts of NMW on the coupled leaf water and energy 39 balance, a phenomenon that has so far only been mentioned in previous work (Dawson, 1998; Limm et al., 40 2009; Berkelhammer et al., 2013) . Here, the effects of dew deposition on the leaf water potential, transpiration 41 rate, and water stable isotopes are experimentally determined. To dissociate any observed effect from foliar 42 uptake, isotopically-enriched dew is used, and the experiments are conducted on Colocasia esculenta. This 43 species is native to South East Asian tropical forests but has been cultivated across the world for many 44 centuries under the name of taro. With a contact angle of ∼164 o (Neinhuis & Barthlott, 1997) , Colocasia 45 esculenta is considered to have highly water-repellent leaves, which can reach a size of up to c. 50 cm in 46 length and c. 40 cm in width. It is a very unique plant, with amphistomatic leaves that are adapted to shaded 47 environments (Onwueme & Johnston, 2000) and occasional flooding (Mabhaudhi et al., 2013) . This species 48 was specifically chosen because of it does not have the capacity to uptake water through foliar uptake.
50
We apply a protocol using the Picarro Induction Module (IM) coupled to a cavity ringdown spectrom-51 eter for the fast analysis of small-sized leaf samples, allowing for spatial and temporal high-resolution mapping 52 of leaf water isotopes . We then analyze the spatial patterns of leaf water isotopic 53 enrichment of leaves that have been sprayed with isotopically enriched water, simulating dew deposition. We 54 show that dew deposition decreases transpiration and increases water potential in Colocasia esculenta leaves, 55 and we discuss three possible mechanisms to explain this result. Finally, we compare our findings to previous 56 studies focused on foliar uptake, leading us to the conclusion that transpiration suppression and foliar uptake 57 have an opposite and comparable effect on leaf water isotopes.
58

Materials and Methods
59
Laboratory experiment
60
Our first experiment examines leaf scale spatial and temporal patterns of water isotopes induced by the presence 61 or the absence of dew. The sampling and analysis closely follow the method described in Gerlein-Safdi et al.
62
(2017). A plant of C. esculenta was planted in a 57-liter (∼ 15 gallons) pot filled with garden soil (Miracle
63
Gro, Marysville, OH, USA) and grown to maturity. The natural patterns of Colocasia esculenta water isotope 64 have been presented in details in a previous study . The plant was watered daily 65 with tap water (δ 18 O -6.0 ‰, δ 2 H -38 ‰) for multiple weeks.
66
Two leaves of c. 30 cm length and of the same Colocasia esculenta plant were cut at the junction of 67 the petiole and the rachis and placed c. 80 cm under a light (Eiko 1960 EBW, 500 W, 10500 lumens, color 68 temperature of 4800 K). The entire experiment lasted four hours. During that time, the adaxial side of the 69 treated leaf was misted with isotopically-labelled water (δ 18 O 8.8 ‰, δD 737 ‰) every half-hour, while 70 the control leaf was left untouched during the entire experiment. After four hours, any residual water was 71 dried by gently padding the leaf with a paper towel and samples were collected from both leaves as described 72 in Section 2.2.
74
In our second experiment, we focused on the effect of water droplet deposition on leaf water potential 75 under high water stressed conditions. Leaves were cut at the junction of the petiole and the rachis and left to 76 desiccate on the lab bench. Three different water stress conditions were tested: natural drying (control), high 77 heat drying, and high heat and mist. In the high heat case, the leaf was placed 80 cm under a light as specified 78 above and the desiccation tracked for about eight hours. In the high heat and mist case, the leaf was also 79 misted with ultra pure water every hour using a spray bottle. Again, surplus water was allowed to runoff, 80 leaving the leaf covered in submillimeter size water droplets. Leaf disks of 2.5 cm diameter were collected 81 every hour, and immediately weighted. As recommended by the instrument manufacturer, the surface of each 82 leaf disk was wetted with ultra pure water, sanded with ultra-fine sandpaper (3M, 600 grit sandpaper), and the 83 water potential analyzed on a dew point potentiometer (WP4C by Decagon Devices Inc.).
84
Isotope analysis
85
For the water isotope analysis, leaf samples were analyzed using an Induction Module (IM) combined to a 
IM-CRDS analysis sequence
95
The IM was set on the 'normal leaf' setting, which has been shown to dry the samples completely without 96 burning them . The IM was equipped with a micro-combustion module (MCM) to 97 reduce the interferences due to the presence of organics (Dennis et al., 2014) in water samples extracted from 98 plants (A. G. West et al., 2010; Chang et al., 2016) . Each half-leaf was sampled in 16 different locations, 99 which corresponds to 64 punched holes per half-leaf and a sampling density of c. 6.5 samples per dm 2 . The 100 IM analysis lasted c. 1.5 day per half-leaf.
101
The IM-CRDS analysis sequence was adapted from a protocol developed in van Geldern & Barth (2012) 102 for liquid water samples and is described in details in Gerlein-Safdi et al. (2017) . Six empty vials were run at the beginning of each analysis. The average water vapor content, δ 18 O, and δ 2 H of the six vials were measured and introduced in a mixing model that allowed the signal from the ambient air present in the vial to 105 be removed to retrieve the true isotope composition of the sample analyzed: produced by one punch hole of C. esculenta (Cui et al., 2017) .
115
Following the protocol developed for liquid water samples in previous work (van Geldern & Barth, 2012) 
Linking d-excess and transpiration
154
While d-excess is commonly used in Atmospheric Science (Risi et al., 2013) steady-state enrichment of leaf water ∆ E above source water is expressed in (Farquhar et al., 2006) as
where h is the relative humidity, * is the equilibrium fractionation; * = 9.2 ‰ (74 ‰) for 1 H 2 18 O ( 1 H 2 HO)
161
at 25 o C (Craig & Gordon, 1965) . The kinetic fractionation factor, k , is taken as
for 1 H 2 18 O and 2 H 1 HO, respectively (Farquhar et al., 1989 (Farquhar et al., , 2006 . r s is the stomatal resistance and it is 163 taken to be constant and equal to 840 s m −2 (based on the value described in Section 2.3). The resistance 
169
∆ i , the enrichment of a sample i relative to a source can be linked back to isotope compositions expressed in δ 170 notation through the relative ratios R: with groups of unequal sample size or variance (Ruxton, 2006) . In the following, we will report the p-value, negative than for the misted leaves (two-sample t-test: t = 3.9, ν = 29, p < 0.001).
211
The misted leaf in Experiment 1 is less enriched in heavy isotopes than the control, despite being misted with We apply the model described in Section 2.4 to interpret our results in terms of differences in transpiration 217 rate and find that the mist treatment significantly (t = − 3.9, µ = 29, p < 0.0001) decreases transpiration 218 by 29.9 ±9.1 (stat) %. These values are consistent with (Garratt & Segal, 1988) Experiment 2 looks at the temporal evolution of water potential in desiccating leaves (Figure 2 ). The For the control and the high heat and mist cases, the leaf water potential experiences a slow decline, which is 237 well approximated by a linear function (Figure 2b) . However, the high heat treated leaves experience a faster 238 decline and are better approximated by a parabola. Table 1 presents the average decline from initial to final 239 leaf water potential for the three different treatments. All the data is normalized for leaf size and drying time.
240
The decline in water potential was c. 64% smaller in the misted leaves than in the leaves subjected to the 241 same high heat treatment but that did not get misted (two-sample t-test: t = 2.37, ν = 7, p < 0.05). The 242 decline observed for misted leaves is not statistically different to the one observed for naturally drying leaves
243
(two-sample t-test: t = -1.46, ν = 6, p = 0.19). (Morse, 1990; Bartlett et al., 2012) .
The black line represent a second-order polynomial fit. This plot combines data from two leaves of the 'high heat and mist' treatment, in order to represent the whole range of leaf water potentials observed during the experiment. (b) Typical examples of the temporal evolution of the leaf water potential of Colocasia esculenta leaves under three different treatments. All the leaves under the natural drying (circles) and the high heat and mist (diamonds) treatments are well fit by a linear relation (dotted and dashed lines, respectively). All but one of the leaves under the high heat drying case (squares) are better fit by a parabola (solid line). All the leaves
shown here are c. 38 cm long.
Comparison to foliar uptake
245
Using previous studies on foliar uptake (described in Section 2.5), we were able to compare the relative 246 impact of both processes. Foliar uptake has the largest impact on conifers (Figure 3 ), where the difference 247 in enrichment between treatment and control reaches up to c. 20 ‰. Transpiration suppression from water 248 deposition exhibits the opposite effect, with a magnitude similar or larger to the largest foliar uptake case.
249
The three foliar experiments presented here all used nighttime treatment, so transpiration suppression did not 250 impact the enrichment observed. However, the competing effects of foliar uptake and transpiration suppression 251 are likely to be very important when analyzing field or day time foliar uptake experiment data. 
Leaf energy cycle
254
Our results show that the deposition of submillimeter size droplets on its surface allows the leaf to decrease its 255 transpiration rate and maintain its water potential. The results presented in this study are consistent with a lack 256 of foliar uptake on the adaxial side of Colocasia esculenta leaves. Indeed, if foliar uptake was taking place,
257
we would expect to find that the misted leaf had leaf water enriched in heavy isotopes due to the presence 258 of the enriched misted water inside the leaf. This is not the case and transpiration suppression is then the 259 only phenomenon inducing differences in leaf water isotope composition between the treated and control leaves.
261
We found that the water balance of the leaf is influenced by the change in energy balance associated 262 with the water droplets deposited at the surface and we identified three distinct processes that could lead to the 263 observed effect.
264
First, the deposited droplets increase the albedo of the leaf, allowing more of the radiation to be reflected to dew deposition has been observed many times in the field (Pinter, 1986; Zhang et al., 2012) . By reflecting 268 more radiation when they are wet, leaves will decrease the incoming shortwave radiation and consequently 269 keep their temperatures lower. In our experiment, we found a difference of c. 1.3 o C between the 'high heat 270 and misted' and the 'high heat' treatments (data not shown), confirming this hypotheses. This will in turn 271 reduce the evaporative demand and the leaf transpiration.
272
Second, the energy that is not reflected will be dissipated through the evaporation of the droplets. Because 273 evaporation is an exothermic process, the evaporation of the water droplets will result in the cooling of the 274 leaf surface (Monteith, 1965 ). This will again reduce the evaporative demand and the transpiration.
275
Finally, the evaporation of the droplets will cause the air close to the leaf to have a higher relative humidity 276 than the surrounding air (Defraeye et al., 2013) , creating a moist micro-climate around the leaf (Jones, 1992) .
water vapor out of the leaf, namely transpiration. By decreasing the outward flow of water vapor, more CO 2 279 will be able to enter the leaf, increasing interstitial CO 2 concentration, photosynthesis, and water use efficiency.
280
The increase in surface roughness associated with the presence of the droplets at the surface of the leaf will 281 also contribute to increasing the size of the boundary layer. Water potential values are correlated with leaf 282 relative water content (Maxwell & Redmann, 1978) and with stomatal conductance (Lhomme et al., 1998) ;
283
by maintaining a higher water potential, the leaf will be able to open its stomata wider. CO 2 assimilation is 284 in turn linearly correlated to stomatal conductance (Lambers et al., 2008) . As a result, by affecting the leaf 285 energy cycle, dew deposition will allow the leaf to maintain its water status and increase CO 2 assimilation 286 through multiple mechanisms.
288
The three processes described above are not mutually exclusive and are happening simultaneously. We 289 speculate that the cooling provided by the evaporation of the dew will have the largest impact on transpiration 290 suppression. However, the balance between all three mechanisms will likely be species dependent. For 291 example, in the specific case of Colocasia esculenta, because the leaves are amphistomatous we expect that 292 the effects on the leaf boundary layer and CO 2 uptake will likely be less important than for a hypostomatous 293 leaf for which the dew is not clogging half of the stomata. 
Implications for foliar uptake studies
295
By decreasing transpiration, dew deposition suppresses the isotopic enrichment associated with leaf water 296 transpiration (Farquhar et al., 2006) . Therefore, dew-wetted leaves will have a bulk isotope composition 297 lower (more depleted in heavy isotopes) than leaves that do not experience it. The average δ 2 H enrichment 298 difference between the misted and the control leaves reaches -45±35 ‰. The effect of dew is "artificially"
299
increased by the high transpiration rate caused by the lamp, but it still gives a first order value for transpiration 300 suppression. NMW is usually more enriched in deuterium than rain and soil water by up to 50 ‰ (Scholl et 301 al., 2010; Kaseke et al., 2017) . If foliar uptake is indeed happening in a leaf, the uptake of heavy fog or dew 302 water will then enrich the leaf water, while transpiration suppression depletes leaf water in heavy isotopes. (Limm et al., 2009; Eller et al., 2013; Berry, White, & Smith, 2014) (Scholl et al., 2010) .
to the saturated atmosphere during fog events could have opposite effects on the leaf isotope composition.
305
Daytime transpiration is a much larger water loss for plants than nighttime water vapor fluxes and the effects 306 of dew deposition during day time is expected to be have an even larger impact on leaf isotopes than that 307 discussed by Limm et al. (2009) . isotopes than foliar uptake, although the relative importance of both effects will depend on many factors,
313
including the isotope composition of the NMW (dew or fog), the timing and length of the wetting event, the 314 size of the leaf, the atmospheric conditions, and of course, the species.
315
Finally, it is crucial to remember that while transpiration suppression and foliar uptake have opposite 316 effects on the leaf water isotopes, both processes will increase leaf water content. Since both mechanisms 317 are still poorly understood and highly species-dependent, it is difficult to provide an accurate estimate of 318 the cumulated effect of foliar uptake and transpiration suppression. Limm et al. (2009) (Hughes et al., 1970) and an average stomatal conductance to CO 2 of 50 mmol m −2 s −1 (Ozturk et al., 2013) , overwhelmingly larger effect on leaf water than foliar uptake does, but the value for foliar uptake is likely 327 underestimated, since it does not take into account that most water in the leaf is actually replaced by soil water 328 throughout the day and that a 12% fog water inside the leaf likely corresponds to a lot more than simply 12% 329 of the total leaf water content.
330
The results of our study show a large impact of transpiration suppression from water droplet deposition.
331
The simultaneous occurrence of NMW deposition and drought is common in drylands (Agam & Berliner, 332 2006; Kaseke et al., 2017) , where many plants rely on NMW as their primary source of water (Stanton & 333 Horn, 2013). Regular dew formation has also been observed in the upper canopy of the Amazon forest during 334 the dry season (Satake & Hanado, 2004; Frolking et al., 2011) and leaf wetness can last almost all day in the 335 understory of tropical forests (Aparecido et al., 2017) . In these cases, the energy balance is thought to be the 336 main driver of leaf water isotope composition, with a response much larger than to soil water availability, for 337 example (Wayland, 2015) . Transpiration suppression will delay the time when leaves reach their maximum 338 transpiration rate and attain isotopic steady state (Dubbert et al., 2014) . Isotopic steady state is often assumed 339 when interpreting transpiration data, but Dubbert et al. (2013) recently showed that this assumption is 340 typically unjustified and can lead to errors in estimated transpiration fluxes by up to 70%, because steady state 341 models systematically overestimate the isotopic enrichment of leaf water. Isotopic steady state depends on 342 the leaf transpiration rate, which changes quickly as energy flux incident on the leaf changes, for example when the leaf goes from the shade to the sun (Smith & Berry, 2013 Figure 1 . n is the number of data points considered and the standard error is given in parenthesis. Overall, enrichment in the longitudinal direction is inconsistent, whereas a strong progressive enrichment is found in the radial direction in both leaves.
Potential limitations
347
One of the limitation of this study is the use of excised leaves. In Table 2 In this study, we used the highly hydrophobic leaves of Colocasia esculenta to look at the impacts of dew 374 water droplets deposition on the leaf water and isotope balance. We found that Colocasia esculenta plants do 375 not have the capability to uptake dew water directly from the leaf surface. However, we found a significant 376 decrease in transpiration by c. 30% and an increase in leaf water potential for dew-wetted leaves. We also 377 highlighted the opposite effects of foliar uptake on leaf isotopes, which enriches leaf water in heavy isotopes,
378
and transpiration suppression, which depletes it. Because both effects are of similar magnitude, taking both 379 processes into accounts is crucial to properly interpret field data of foliar uptake.
380
More experiments are now required to understand the effects of transpiration suppression on different Harvard University for hosting her during part of this work.
391
